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INTRODUCTION
Lactic acid bacteria can be isolated from milk products and the gastrointestinal tracts of animals. Some of these species are used in the production of probiotics. It has been shown that the fermentation products produced by lactic acid bacteria contribute to the attenuation of pathogens and the improvement of human and animal health (FAO/WHO, 2001) . For example, acetate produced by Bifidobacterium plays an important role in protecting a host from infection by Escherichia coli O-157 (Fukuda et al., 2012) . In addition, products secreted by Lactobacillus acidophilus inhibit the swimming behaviour of Salmonella and retard its internalization (Liévin-Le Moal et al., 2011) . Motility is an important factor for infection by many pathogenic bacterial species, including Campylobacter jejuni, Vibrio cholerae, Salmonella enterica and Helicobacter pylori (Josenhans & Suerbaum, 2002; Lertsethtakarn et al., 2011) . Thus, inhibiting the motility of pathogenic bacteria can be an effective strategy for protecting hosts from bacterial infection.
Salmonella is a zoonotic bacterial pathogen that causes food-borne gastroenteritis and swims by means of its peritrichous flagella (Chevance & Hughes, 2008) . These flagella can rotate counterclockwise (CCW) or clockwise (CW). When each flagellum rotates CCW, multiple flagella form a bundle and the cell can translate smoothly forward. When the flagella switch their rotational direction from CCW to CW, the bundle is deformed and the cell instantly tumbles. The switching frequency is regulated by an intracellular signal transduction pathway that is induced by sensing environmental stimuli through receptors embedded in the cytoplasmic membrane (Berg, 2003) . In addition, a reduction in the intracellular pH increases the switching frequency of flagellar rotation (Kihara & Macnab, 1981; Repaske & Adler, 1981) . If Salmonella flagellar rotation is CCW-biased or CW-biased, the cells exhibit only translational motion or only tumbling, respectively. Therefore, an appropriate switching frequency is important for optimal movement of Salmonella spp.
In this study, we show that fermentation by Lactococcus lactis subsp. lactis inhibits the motility of Salmonella by disrupting its flagellar rotation. We observed that the inhibitory effect was due to a reduction in the intracellular pH of Salmonella. Furthermore, we observed that motilities of several pathogenic species other than Salmonella were severely disrupted by lactose fermentation by Lac. lactis. (Yamaguchi et al., 1984) was used. The SJW1103 strain has intact flagellar filaments, flagellar motors and a chemotaxis system. For the rotation assay for flagellar motors, S. enterica serovar Typhimurium strain SJW46 was used. The SJW46 strain has intact flagellar motors, but its flagellar filaments are sticky because of the mutant flagellar protein FliC, which lacks residues 204-292 (Yoshioka et al., 1995) . Pseudomonas aeruginosa strain PAO-1, Vibrio alginolyticus strain YM4 and Leptospira interrogans serovar Manilae strain UP-MMC-NIID were also used for the motility assay.
Trypticase soy yeast extract medium (TSY) for Lac. lactis included 30 g trypticase soy broth (Difco) l 21 and 3 g of yeast extract (Difco) l
21
. Luria broth (LB) for S. enterica and P. aeruginosa was prepared as described previously (Minamino et al., 2003) . Heart Infusion broth (HIB) for V. alginolyticus included 25 g HIB (Difco) l 21 and 15 g NaCl (Wako) l
. Ellinghausen-McCullough-Johnson-Harris (EMJH) (Difco) liquid medium was used for Lep. interrogans. HCl medium included 10 mM KH 2 PO 4 , 0.1 mM EDTA and sufficient HCl to adjust the pH to 5.0. Sugars and weak acids used in this study included lactose monohydrate (Wako), sucrose (Wako), sodium lactate (Sigma) and sodium acetate (Wako).
Motility analysis for Salmonella and other bacterial strains.
Lac. lactis cells were grown aerobically overnight at 30 uC in TSY with shaking. A 2 ml aliquot of the overnight culture was diluted in 200 ml of fresh TSY with or without sugars and incubated at 30 uC with shaking. The cell suspension was filtered (pore size, 0.22 mm) to remove cells (Lac. lactis supernatant). Lac. lactis supernatants were collected at 6 and 8 h after starting incubation. The Salmonella SJW1103 cells were grown in LB at 37 uC until the early stationary phase, diluted 1 : 50 with an Lac. lactis supernatant and then observed using a dark-field microscope (BH-2, SPlan 640, Olympus). To test recovery of Salmonella motility after being exposed to Lac. lactis supernatant, Salmonella cells were precipitated by centrifugation and then were gently suspended in fresh TSY. The swimming behaviour of the cells was recorded on a DVD using a charged-coupled device (CCD) camera at a video rate of 30 frames per second, after which these movies were acquired on a computer. The swimming trajectories and speeds of individual cells were analysed using ImageJ software (National Institutes of Health) and a macro developed using Microsoft Excel.
To analyse the motile fractions of Salmonella, Pseudomonas, Vibrio and Leptospira strains, the respective cells were suspended separately in Lac. lactis supernatants that were obtained after incubating Lac. lactis for 8 h without or with 1 % lactose. These cells were observed under a dark-field microscope.
Measurement of intracellular pH. The intracellular pH of Salmonella was measured using the pH-sensitive fluorescent protein mNectarine (Johnson et al., 2009 ). The SJW1103 strain, which harboured a plasmid encoding the mNectarine gene (pBADmNectarine, plasmid no. 21717 from Addgene), was grown overnight in LB containing 100 mg ampicillin ml 21 and 0.2 % arabinose at 30 uC with shaking. This overnight culture was washed twice with and suspended in a buffer (10 mM potassium phosphate, 0.1 mM EDTA, 10 mM sodium lactate, pH 7.0) that has been used for conventional Salmonella motility assays (Minamino et al., 2003; Nakamura et al., 2009) . The cells were diluted 1 : 100 in sample solutions (TSY, HCl medium, Lac. lactis supernatant or TSY containing acetate or lactate), after which the fluorescence emission spectra obtained by excitation at 530 nm were recorded on a fluorescence spectrophotometer (RF-5300PC, Shimadzu). Peak intensities at 570 nm were determined and reported as the averages of triplicate experiments.
Rotation assay for a single Salmonella flagellum. The SJW46 strain was grown in LB at 37 uC until the early stationary phase. The rotation of a single Salmonella flagellum was evaluated using a bead assay ( Fig. 1) (Nakamura et al., 2009) . A suspension of SJW46 cells was infused into a flow chamber made of a coverslip (upper side) and a glass slide (bottom side), with the cells adhering to the glass slide. Thereafter, a suspension of polystyrene beads (1.5 mm in diameter; Invitrogen) was infused into the flow chamber, and these beads attached to the sticky flagellar filaments. A Lac. lactis supernatant was infused into the flow chamber, following which bead rotation was recorded using a dark-field microscope (BX50, UPlanFLN 640, Olympus) and a high-speed CCD camera (ICL-B0620M-KC, IMPERX) at intervals of 2 or 3 ms. The rotational trajectories, rotational directions and rotation rates of these beads were determined using ImageJ software (Rasband, 1997 (Rasband, -2014 ) and a Microsoft Excel macro.
RESULTS

Effects of Lac. lactis fermentation on Salmonella motility
To investigate the effects of Lac. lactis fermentation on Salmonella motility, we measured the swimming speeds of individual Salmonella cells in Lac. lactis supernatants. In fresh TSY, Salmonella cells swam at an average speed of 28.8±5.8 mm s 21 (Fig. 2) . When Salmonella cells were suspended in a Lac. lactis supernatant collected from the culture medium without sugar and in which Lac. lactis cells had been grown for 6 h, the swimming speed was reduced to 22.2±4.5 mm s 21 (P,0.01, t-test). Incubating Lac. lactis in the presence of sucrose, which cannot be utilized by Lac. lactis (Garvie & Farrow, 1982) , did not alter the impaired Salmonella swimming behaviour (Fig. 2) . In contrast, use of Lac. lactis supernatants obtained after incubation for 6 h with 0.1 % and 1 % lactose, which is fermentable by Lac. lactis, reduced the swimming speeds even further to 17.4±3.4 mm s 21 and 18.6±3.9 mm s
21
, respectively. Furthermore, Salmonella motion was completely paralysed in a Lac. lactis supernatant obtained from a culture medium with 1 % lactose that had been incubated for 8 h (Fig. 2a, b) . We also confirmed that other sugars fermentable by Lac. lactis, including fructose and glucose (Garvie & Farrow, 1982) , enhanced the inhibitory effect on Salmonella motility (data not shown). We examined the changes in the pH of Lac. lactis growth media during incubation and found that the pH decreased to pH 5.0 S. Nakamura, Y. V. Morimoto and S. Kudo after incubation for 6 h (data not shown). Therefore, it was suspected that acidification of the medium during Lac. lactis growth had impaired Salmonella motility. However, the swimming speed of Salmonella in HCl medium (pH 5.0) was nearly the same as that in fresh medium (32.2±6.7 mm s 21 ) (Fig. 2a) . This suggested that the inhibition of Salmonella motility was due to factors other than the reduced medium pH. Replacing the Lac. lactis supernatant with fresh TSY media, we observed recoveries of swimming of Salmonella though their swimming speeds were slightly reduced (Fig. 3) . This result is similar to the reports showing inhibitory effects of Lab. acidophilus strain LB and Lactobacillus casei strain Shirota on Salmonella motility (Liévin-Le Moal et al., 2011 Moal et al., , 2013 . It is suggested that the Lac. lactis supernatant mainly affects Salmonella motility through disturbing flagellar rotation but not through irreversible damage against morphologies and physiologies. The medium was replaced with Lac. lactis supernatant collected after incubation for 8 h with 1 % lactose (Lac. lactis+lac). Then the Lac. lactis supernatant was removed and cells were suspended in fresh TSY. Average swimming speeds were 28.3±5.7 mm s "1 and 22.3±9.6 mm s "1 for before and after being exposed to Lac. lactis supernatant, respectively. All cells were non-motile in Lac. lactis supernatant. 
Analysis of rotation of a single Salmonella flagellum
To more clearly assess the effects of Lac. lactis fermentation on Salmonella motility, we analysed the rotation of a single flagellum using a bead assay, in which the rotation of a polystyrene bead attached to a flagellar filament was analysed (Fig. 1) . Both the rotation rate and the rotational direction were analysed, because a flagellum of Salmonella can rotate in a CCW or CW manner (Berg, 2003) .
In fresh TSY, the probability of CCW rotation was much higher than that of CW rotation, as the ratio of the time with CW rotation to that with CCW rotation (CW/CCW) was approximately 0.13 (Fig. 4a, b) . The CCW rotation rates were nearly the same as the CW rates (approx. 25 Hz). In Lac. lactis supernatants, the periods of CW rotation were apparently increased (Fig. 4c, d) , and the CW/CCW values were close to 1. When a Lac. lactis suspension collected from a culture medium with 0.1 % lactose was infused into the flow chamber, the flagella maintained CW rotation for a longer time. Consequently, the probability of CW rotation was higher than that of CCW (Fig. 4e) , the mean of CW/ CCW ratio was more than 1 (Fig. 4i) . Furthermore, some flagella rotated at considerably slower rates or frequently stopped rotating (Fig. 4f) . After exposure to a Lac. lactis supernatant obtained after incubation with 1 % lactose, Salmonella flagella did not rotate (data not shown). CCW flagellar rotation continued when HCl medium (pH 5.0) was infused into the flow chamber (Fig. 4g, h ). These results suggested that some metabolites produced by Lac. lactis interfered with the stable rotation of Salmonella flagella, and the impairment was enhanced by lactose fermentation.
Salmonella intracellular pH
It has been reported that highly frequent switching of the rotational direction and slow rotation of the flagellum can be induced by reducing the intracellular pH (Kihara & Macnab, 1981; Repaske & Adler, 1981; Minamino et al., 2003; Nakamura et al., 2009) . Thus, Lac. lactis fermentation had possibly decreased both the pH of the growth medium and the intracellular pH of Salmonella. To determine whether lactose fermentation by Lac. lactis affected the intracellular pH of Salmonella, we measured the intracellular pH using the pH-sensitive red fluorescent protein mNectarine. We could not quantitatively measure the fluorescence emitted by this indicator because of autofluorescent components present in TSY. Thus, values relative to the pH measured in fresh TSY are shown in Fig. 5 . The intracellular pH of Salmonella did not change with exposure to HCl medium at pH 5.0. When these cells were treated with a Lac. lactis supernatant collected from a culture medium that included 1 % lactose, the intracellular pH was clearly reduced (P,0.01). This suggested that the inhibition of flagellar rotation and free-swimming behaviour of Salmonella could have been caused by a decrease in the intracellular pH. The intracellular pH of a bacterial cell decreases as the extracellular pH decreases in the presence of weak acids, because weak acids can cross the hydrophobic membrane in electrically neutral forms and lower the intracellular pH by dissociating protons in the cytoplasm (Kihara & Macnab, 1981; Repaske & Adler, 1981) . When Salmonella cells were exposed to 20 mM lactate, their intracellular pH did not change. In contrast, 20 mM acetate significantly reduced their intracellular pH (P,0.05). We tested the effect of acetate on Salmonella motility and observed that smooth swimming was inhibited by 5 mM acetate (pH 5.0) and that most cells were paralysed by 10 mM acetate (pH 5.0) ( Table 1) . Lac. lactis can produce acetate from glucose (Hugenholtz et al., 2000) . Thus, these results suggested that acetate rather than lactate produced by Lac. lactis played a major role in reducing the motility of Salmonella.
Inhibitory effect of Lac. lactis fermentation on the motility of different bacterial species
We next tested the effects of lactose fermentation by Lac. lactis on the motilities of other pathogenic bacterial species. Fig. 6 shows the motile fractions of Salmonella (peritrichous, proton-driven flagella), Pseudomonas (a single polar, protondriven flagellum), Vibrio (a single polar, sodium-driven flagellum) and Leptospira (spirochaete, periplasmic flagella) strains. Salmonella was motile in a Lac. lactis supernatant that was collected after incubation in TSY without lactose, although its swimming speed was slightly decreased in agreement with the results shown in Fig. 2(a) . Salmonella was completely paralysed in a Lac. lactis supernatant obtained after incubation with lactose. The motilities of Pseudomonas, Vibrio and Leptospira strains in Lac. lactis supernatants collected after incubation with lactose were also completely inhibited. These results suggested that Lac. lactis fermentation may prevent infections by multiple bacterial species by inhibiting their motilities.
DISCUSSION
Lactic acid bacteria have been used to produce various foods to improve the health of humans and animals. In this study, we showed that lactose fermentation by Lac. lactis impaired the motility of Salmonella. This suggests that Lac. lactis can be used to attenuate pathogenic bacteria, because bacterial motility is strongly associated with virulence. We also found that the inhibitory effect on motility was due to a reduction in the intracellular pH of Salmonella. A bacterial flagellum is linked to a rotary nanomachine, a so-called flagellar motor, which converts a proton influx into rotation (Berg, 2003) . An increase in the intracellular proton concentration is believed to impair inward proton translocation, thereby leading to a decrease in the rotation rate of this flagellar motor (Kihara & Macnab, 1981; Repaske & Adler, 1981; Minamino et al., 2003; Nakamura et al., 2009) . We showed that mainly acetate contributed to reducing the Salmonella motility. It has been known that acetate permeates the cytoplasmic membrane of bacteria in the protonated form, transferring protons to the cytoplasm. When the extracellular pH is decreased in the We also showed that the motilities of Pseudomonas, Vibrio and Leptospira strains were markedly inhibited by lactose fermentation by Lac. lactis. These strains are distinguished by their pathogenic properties, morphologies, number of flagella and coupling ions that drive their flagellar motors.
P. aeruginosa is a nosocomial pathogen, and V. alginolyticus causes wound infections. The genus Vibrio also includes important pathogenic species, such as V. cholera and Vibrio parahaemolyticus. Lep. interrogans is a pathogen associated with leptospirosis, which is a type of zoonosis that occurs worldwide. Our present results suggest that Lac. lactis fermentation can protect hosts from infections by a wide range of pathogens. 
